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INTRODUCTION
Primary cilia are organelles that protrude from the cell surface and serve as cell surface signaling centres during embryogenesis and tissue homeostasis. 1 The assembly and maintenance of primary cilia require the intraflagellar transport (IFT) machinery. IFT particles are responsible for the bidirectional movement of ciliary cargos along the axoneme. IFT proteins form two complexes: complex A and complex B. Vertebrate IFT complex A contains at least 6 proteins while more than 10 different proteins are in complex B. 2 IFT complex A mediates retrograde transport powered by the dynein motor protein. IFT complex B organizes anterograde transport toward the ciliary tip driven by the motor proteins, heterotrimeric Kinesin II and homodimeric KIF17. Kinesin II comprises two motor subunits, KIF3A and KIF3B (or KIF3C) and the Kinesin associated protein 3 (KAP3). [3] [4] Previous reports showed that Kinesin II and KIF17 are both involved in vertebrate ciliogenesis. [5] [6] [7] Photoreceptor outer segments are modified sensory cilia. Outer segments contain packed membranes and membrane-associated proteins that participate in phototransduction. Proteins are synthesized in the inner segments and transported to the outer segments through the narrow connecting cilium at high flow rates. 8 The development and maintenance of outer segments depends on the IFT machinery. 9 Kinesin II motor subunits and IFT were reported to be associated with photoreceptor axonemes [10] [11] and to be co-immunoprecipitated in retinal extracts. 12 Deficiency of Kinesin II motor subunits or IFT components in mouse and zebrafish caused abnormal photoreceptors and retinal degeneration. 9 Conditional deletion of Kif3a in mouse photoreceptor cells led to the mislocalization of opsin and arrestin, but not peripherin or transducin, implicating selective mechanisms for anterograde transport. 11 The conditional knockout (KO) mice also displayed rapid photoreceptor cell death, possibly through mislocalized opsin triggering apoptosis. 11, 13 In another study involving conditional KO mice (in which Kif3a was deleted in rod or cone cells), Kif3a appeared to play a different role in each type of photoreceptor; it was required for ciliary protein trafficking in cone cells but not in rod cells, though Kif3a KO rod cells rapidly degenerated. 14 Global knock-out of Kif3b in mouse also caused embryonic lethality. 6 However, depletion of Kif3c did not result in any obvious abnormality. [15] [16] 4
Zebrafish have been used to investigate the function of the kinesin II family in cilia. Previous reports showed morpholino knockdown of zebrafish Kif17 resulted in disruption of photoreceptor outer segment formation and mislocalization of photoreceptor membrane proteins. 7 The same group carried out a morpholino knockdown of kif3b in zebrafish and found that the kif3b morphants exhibited an early embryonic defect. When dominant-negative kif3b or kif17 mutants were expressed in zebrafish embryonic cone cells, this resulted in abnormal cone development. 17 Recently, Zhao et al characterized an N-ethyl-N-nitrosourea (ENU) induced zebrafish mutant, which carried a nonsense mutation in the kif3b gene. 18 Kif3b mutant zebrafish exhibited a downward body curvature, indicating a ciliary defect. Photoreceptor outer segment formation was delayed and the outer segments that formed were shorter and showed an abnormal shape, suggesting that Kif3b has a role in outer segment formation. In the mutant zebrafish, rod cells degenerated between 3-5 dpf; the cone cells, however, developed normal outer segments and survived longer, indicating that Kif3b functions differently in rod and cone cells. Morpholino knockdown of kif3c in zebrafish did not cause any ciliary defect.
However, knockdown of Kif3c in Kif3b mutants resulted in absence of photoreceptor, indicating that Kif3c functions redundantly with Kif3b. 18 A nonsense kif17 zebrafish mutant was also characterized but did not display any obvious ciliary defect in the examined tissues (retina, ear, spinal cord and pronephric duct) except the nasal cilia, which were shorter. Rod and cone opsins were not mislocalized in the kif17 mutants, suggesting Kif17 is not involved in photoreceptor ciliary trafficking. 18 Recently an ENU-induced mutant kif3a zebrafish, which had two additional amino acids (MQ) within the motor domain of KIF3A, was reported to exhibit short cilia and kidney cysts; however, the retina of the mutant zebrafish was not phenotypically analysed. 19 To address the question of whether loss of Kif3a can cause a defect in photoreceptor protein trafficking and retinal degeneration in zebrafish, we characterized an ENU-induced kif3a nonsense mutant zebrafish line.
Our results indicate that deletion of KIF3A resulted in abnormal development of photoreceptor outer segments, mislocalization of rhodopsin and rapid photoreceptor degeneration.
MATERIALS AND METHODS

Zebrafish maintenance
Zebrafish were bred and maintained according to the procedures described by Westerfield. 20 Embryos were cultured in E3 medium in an incubator at 28°C. The Kif3a SA1617 mutant zebrafish was provided by the Wellcome Trust Sanger Institute. All animal work was carried out in accordance with the UK Animals (Scientific Procedures) Act, 1998 and associated guidance.
Alignment of KIF3A protein sequences
KIF3A peptide sequences of zebrafish and other species were obtained from Ensembl.org database and were aligned using Clustal Omega software (http://www.ebi.ac.uk/). Conserved domains were box-shaded using the BoxShade 3.21 software (http://www.ch.embnet.org/).
Measurement of eye size
Wildtype and the Kif3a SA1617 mutant embryos at 2, 3, 4, 5 and 6 dpf were anaesthetised with Tracine and photographed. Photo prints were used for eye measurement. Eye measurements were taken from the anterior to the posterior edge. 40 eyes of wildtype or Kif3a SA1617 mutant embryos at each age point were measured.
Reverse transcription polymerase chain reaction (RT-PCR) and quantitative real-time PCR
Total RNA was extracted from zebrafish embryos and adult tissues with the Trizol Reagent (Sigma). cDNAs were synthesized using a Transcriptor High Fidelity cDNA synthesis kit (Roche). The cDNA was amplified using a NEB standard Taq polymerase system with the primers ZFKIF3AF2 5'AGGAGATCTCGGGCTCTGA3' and ZFKIF3AR2 5'CTCCTCAGGCTTAGCCAATAAA3'. A 517-bp fragment of β-actin was amplified as a control for PCR using forward primer 5'TGCCATGTATGTGGCCATCCA3' and reverse primer 5'ACCTCCAGACAGCACTGTGT3'. PCR products were analysed by agarose gel electrophoresis. To quantify the expression of kif3a in the Kif3a SA1617 mutant and wildtype zebrafish, RNA from 10 wildtype (pooled) or 10 mutant (pooled) zebrafish at 5 dpf was extracted and cDN was synthesized. A quantitative real-time PCR was carried out using platinum sybr green qPCR supermix (Thermo Fisher Scientific, UK) with the primers, ZFKIF3AF2 and ZFKIF3AR2. Expression of zebrafish 18S RNA gene was used for normalization; the primers used for 18S rRNA gene were 5'CCACTCCCGAGATCAACTA3' and 5'CAAATTACCCATTCCCGACA3'. The amount of kif3a mRNA is determined by normalizing the threshold cycle C T of kif3a gene to the C T of zebrafish 18S rRNA gene in the same sample based on the following formula: the average C T of kif3a gene minus the average C T of 18S rRNA gene in which this result is recognized as ΔC T where it is specific for each gene and can be compared with ΔC T of calibration samples. The difference between ΔC T of wildtype and Kif3a SA1617 mutant zebrafish is known as ΔΔC T . The relative quantification of kif3a expression in Kif3a SA1617 mutant zebrafish is calculated in comparison with wildtype zebrafish according to the following formula: 2 -ΔΔCT and represented as a fold change.
Genotyping
The zebrafish were anaesthetised and a small portion of the tail fin was clipped. DNA was extracted from the fin clipping by adding 25µl of methanol and incubating at room temperature for 5 minutes.
15µl of TE-Tween20 (10mM Tris, 1mM EDTA, pH 8.0, 0.33% Tween-20) and 0.5µl of 10mg/ml proteinase K were added to the sample and incubated at 56°C for at least 2 hours in a thermal cycler machine. The tube was then incubated at 98ºC for 10 minutes to inactivate the proteinase K. 45µl of dH 2 O was added to the sample and mixed well. 200ng of the extracted DNA was used as template in 20µl PCR reaction to amplify the DNA fragment by PCR with the primers, ZFKIF3AF1: 5' AGGAGATCTCGGGCTCTGA3' and ZFKIF3AR1: 5'CACATGCTGCCTCATGTTTC3'. PCR products were analysed by agarose gel electrophoresis and sequenced to determine the genotype.
Histology and transmission electron microscopy
For histological analyses the wildtype and Kif3a SA1617 mutant zebrafish at 3, 5, 6, and 9 dpf were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin and sectioned in accordance with previous descriptions. 21 The sections were dewaxed and subjected to haematoxylin and eosin staining.
For retinal ultrastuctural analyses, the wildtype and Kif3a SA1617 mutant fish at 4 dpf and 5 dpf were fixed and embedded as described previously. 22 Briefly, embryos were fixed in 4% glutaraldehyde, 1% paraformaldehyde in 0.1M sodium cacodylate buffer and secondarily fixed with 1% osmium tetroxide in 0.1M sodium cacodylate buffer, followed by dehydration through a series of ethanol solutions and infiltration in a 1:1 PO:EPON resin mix. Ultrathin sections of 50-60nm thickness were cut using a Leica UTC Ultratome, collected on 100 mesh formvar-coated copper grids and contrast stained with 2% uranyl acetate and Reynolds lead citrate. The sections of zebrafish eyes were viewed on a Tecnai T20 transmission electron microscope and images were captured using Gatan Digital imaging software.
Immunohistochemistry
Sections from 4% paraformaldehyde fixed and paraffin embedded 5dpf wildtype and Kif3a SA1617 mutant were dewaxed and washed with PBS, immersed in antigen retrieval buffer (10mM Tris Base, The nuclei were counterstained with DAPI and images were captured using confocal microscopy (LSM 800, Carl Zeiss Inc.).
Detection of cell death
Apoptotic cells in the retinas of Kif3a SA1617 mutant zebrafish at 5dpf were detected by the DeadEnd™ Fluorometric TUNEL System (Promega, Madison, USA) according to the manufacturer's instruction. The zebrafish samples were fixed and cryosectioned as described above.
The cryosections of zebrafish eyes were washed with 1×PBS for 5 min before being fixed again by 4% PFA/PBS. After permeabilisation with 20μg/ml proteinase K solution, the sections were labelled with rTdT reaction mix for 1 hour at 37˚C and the reaction was stopped with 2×SSC. Slides were mounted with DAPI and images were captured using ZEISS LSM 800 confocal microscopy.
In order to quantify cell death, the number of TUNEL positive cells in a sample of 500 cells of the outer nuclear layer was counted from five slides (100 cells in each slide from each fish sample) of wildtype and mutant retinas respectively.
Electroretinography
Electroretinography (ERG) was performed under photopic condition according to previous descriptions. 23 Briefly, 7dpf larvae were anesthetized in tricaine and placed on the top of a wet filter tissue. A silver wire was placed beneath the larvae as the reference electrode and a glass electrode was positioned onto the cornea. ERG recording was made using an Axon Multiclamp 700B amplifier. Signals were band-filtered between 3 and 100Hz.
Melanosome transport assay
Kif3a SA1617 mutants and siblings at 4dpf were exposed to epinephrine (500 µg/ml, Sigma) in E3 medium. Melanosome retraction was continuously monitored under microscopy and the endpoint was scored when all melanosomes in the head and trunk were perinuclear. 21 To evaluate the melanosome dispersion, larvae were washed with excess E3 medium after epinephrine exposure and exposed to caffeine (1mg/ml, Sigma) in E3 medium. The dispersion was also monitored and the endpoint scored.
Images were taken throughout the monitoring processes.
.Statistical analysis
Statistical analysis was carried out using the Graphpad Prism6 software. All data were presented as the mean ± SD. Statistical significance was analyzed using unpaired Student's t test.
RESULTS
Expression of Kif3a during zebrafish development and in adult tissues
The zebrafish Kif3a gene contains 17 exons and encodes a 701 amino acid polypeptide. The KIF3A protein is highly conserved across species; protein sequence comparison showed zebrafish KIF3A is 92.5% identical to human KIF3A, 91.8% to mouse, 92.1% to chicken, 91.2% to Xenopus and 56.5% to C. elegans ( Supplementary Materials, Fig. S1 ).
We used RT-PCR to analyse the temporal and spatial expression patterns of Kif3a gene expression during zebrafish embryogenesis. The Kif3a transcript was readily detected in oocytes and during embryogenesis throughout the larval stages ( Fig. 1A) . Kif3a expression in adult tissues was examined in total RNA extracted from eye, brain, heart, testis, liver, kidney, ovary, intestine, muscle and skin by RT-PCR. The Kif3a transcript was readily detected in the eye, ovary, muscle and liver; it was also detectable in testis, brain and heart, and weakly in kidney, skin and intestine ( Fig. 1B) .
Kif3a SA1617 mutant zebrafish
A zebrafish Kif3a SA1617 mutant was produced by N-ethyl-N-nitrosourea (ENU) mutagenesis, carrying a nonsense mutation at position 1363 changing cytosine to thymine (C>T) in the exon 9 of the Kif3a gene (NM_001017604.2). The change 1363 C>T is predicted to cause an Arginine (CGA) to a TGA stop codon in the rod domain of zebrafish KIF3A, resulting in a truncated polypeptide of 409aa instead of 701aa (NP_001017604.2) ( Fig. 2A-C) . The nonsense mutation was predicted to lead to nonsense-mediated decay (NMD). Quantitative real-time PCR revealed that kif3a mRNA was decreased by about 88% in 5 dpf Kif3a SA1617 mutant larvae when compared to wildtype siblings (p=0.0065), confirming the occurrence of NMD ( Supplementary Materials, Fig. S2 ). We also used a polyclonal antibody to immunostain retinal sections of 5 dpf wildtype and mutant siblings and found that the KIF3A protein was localized to the connecting cilia of wildtype photoreceptor cells, consistent with previous reports of KIF3A localization in the photoreceptors of various species. 10, 24, 25 However, KIF3A expression was not detected in the photoreceptors of 5dpf Kif3a SA1617 mutant retinas ( Fig. 2D ), suggesting that Kif3a SA1617 is a null allele. When the retinal sections were stained with antiacetylated tubulin antibody, connecting cilia were not appeared in the Kif3a SA1617 mutant (Fig. 2D ).
Kif3a SA1617 mutants exhibited curved body axes and kidney cysts, which are major features of ciliary defects (Fig. 3 ). Kidney cyst formation was evident at 72 hpf and became more pronounced by 4dpf. The eyes of both wildtype and Kif3a SA1617 mutant zebrafish kept growing, while the mutants had smaller eyes than that of wildtype zebrafish measured at age 2, 3, 4, 5 and 6 dpf, respectively ( Supplementary Materials, Fig. S3 ). The mutant zebrafish survived at most until 15dpf with death resulting from multiple organ dysfunctions, e.g. the kidney cyst.
Loss of Kif3a resulted in abnormal photoreceptor outer segment development
Cone-specific knock-out of Kif3a in mouse has been reported to cause misaligned cone outer segment membranes at P13 [14] . More recently, depletion of Kif3a in mouse retinal progenitors was shown to cause the absence of outer segment morphogenesis. 26 We therefore asked whether there was evidence of developmental defects in the outer segments of Kif3a SA1617 mutant retinas. Using transmission electron microscopy we examined the ultrastructure of both wildtype and Kif3a SA1617 mutant outer retinas at 4 dpf and 5 dpf. Photoreceptors in wildtype larvae exhibited well-formed elongated outer segments ( Fig. 4A-1 and B-1) , while in 4 dpf mutant larvae the outer segments were absent in most parts of the retina. The outer segments remaining in the peripheral retina displayed abnormal shapes, including distended outer segment with folded protrusion, annular outer segment, irregular branching of outer segments and compressed and distended outer segments ( Fig. 4A-2, 3, 4 , 5, 6). In mutants at 5dpf, outer segments were still not observable in most parts of the retina, although in the peripheral retina abnormal outer segments (including vestigial, annular, delaminated and warped with irregular delamination) were present but had started to lose structural integrity ( Fig. 4B-2 , 3, 4, 5, 6).
Early rapid retinal degeneration in Kif3a SA1617 mutant zebrafish
As abnormal outer segment development is associated with retinal degeneration in mouse and zebrafish, 27, 28 we asked whether there is retinal degeneration in Kif3a SA1617 mutants. We examined histological sections of both wildtype and Kif3a SA1617 mutants by light microscopy. Both wildtype and mutants at 3 dpf exhibited three well-formed layers (outer nuclear layer, inner nuclear layer and ganglion cell layer), suggesting that Kif3a is not involved in retinal lamination. There was no morphological difference in the outer nuclear layers between wildtype and mutant zebrafish at 3 dpf.
At 5 dpf, the mutants displayed a thinner outer nuclear layer when compared to that of wildtype zebrafish. The degeneration of photoreceptors was clearly evident in the central part of mutant retinas at 6 dpf, but photoreceptors in the periphery were less affected. All photoreceptors in the mutant were degenerated by 9 dpf and the outer nuclear layer had disappeared (Fig. 5 ).
We also examined how rod and cone cells were affected by using anti-rhodopsin antibody (4D2) and ZPR1 antibody to label rod outer segments and red and green double cones, respectively, in immunofluorescence analyses. The rod outer segments were well-formed in wildtype at 5 dpf. In the age-matched Kif3a SA1617 mutants, however, the outer segments were absent, while rhodopsin was mislocalized to the rod inner segments and to the synapses in the peripheral area, almost all rods had disappeared in the central area (Fig. 6A) . Meanwhile, the double cone cells labelled by ZRP1 antibody were shorter in the mutants while only a few cone cells remained in the central retina of the mutants (Fig. 6B ), indicating that cone degeneration was also predominant in the central retina. To confirm the photoreceptor cell death, we carried out a TUNEL assay on retinal sections of both wildtype and Kif3a SA1617 mutants at 5 dpf. TUNEL-positive nuclei were barely observed in wildtype retina but could be found in both central and peripheral retina in the mutants (Fig. 7 ). There were also some TUNEL-positive nuclei present in the inner nuclear layer of the mutants.
We also used ERG to test visual impairment in the Kif3a SA1617 mutants. Zebrafish cone cells mature earlier than rod cells, so the ERG response of larvae at 5 and 7 dpf is determined by cones.
Loss of functional cones results in the absence of ERG. 29, 30 ERG was performed in 7dpf wildtype and Kif3a SA1617 mutant larvae. The wildtype zebrafish displayed normal responses, as expected, while the cone ERG response was absent in the mutant zebrafish ( Supplementary Materials, Fig.S4 ).
Kif3a SA1617 mutants exhibited delayed anterograde intracellular transport
In response to light or drugs, zebrafish can alter their skin pigmentation by promoting pigment granule aggregation and dispersion. 21, 31 The pigment granules (melanosomes) are lysosome-related granules and their bi-directional shuttling towards the perinuclear region (aggregation) or toward the cell periphery (dispersion) is driven by different motor proteins. Kinesin II is responsible for dispersion of melanosomes, whereas melanosome aggregation requires cytoplasmic dynein. 31 Pigment dispersion (anterograde) or aggregation (retrograde) can be stimulated within minutes after treatment with caffeine and epinephrine, respectively. 31 In our assay, 4 dpf embryos were dark-adapted to display melanophore dispersion. Once the embryos were exposed to epinephrine, the melanosomes rapidly contracted and the pigmentation area was reduced. At the maximum aggregation endpoint all the pigment cells exhibited perinuclear accumulation of melanosomes (Fig. 8) . We measured the time required for reaching the pigment aggregation endpoint and did not find any difference between wildtype (3.84 min) and the Kif3a SA1617 mutants (3.73 min). We then evaluated anterograde melanosome transport by measuring the recovery time to reach full pigment dispersion after embryos were treated with caffeine. The wildtype embryos rapidly dispersed their melanosomes (3.5 min) whereas the Kif3a SA1617 mutants showed significantly delayed melanosomes dispersion (15.765 min, p<0.0001) ( Fig. 8 ).
DISCUSSION
In this study we examined the phenotypes of a newly identified zebrafish mutant, Kif3a SA1617 , which carries a nonsense mutation in the Kif3a gene. Kif3a SA1617 mutant zebrafish did not form outer segments in most parts of the retina, although some abnormal outer segments were formed in the peripheral retina. The first photoreceptor-specific Kif3a knockout mouse model was made using an IRBP-Cre transgene and Cre-loxP, in which the Kif3a gene was excised in the third postnatal week. 11 The outer segments were formed in this model. When a Rho (rhodopsin)-Cre transgene was used to knockout the Kif3a gene in rod cells, the uniform excision of Kif3a gene across the whole retina was visible by the second postnatal week. The mouse model also exhibited changes in outer segment formation. 32 Cone-specific knockout of Kif3a in mouse using Cre together with the human red-green opsin (Hrgp) promoter did not affect cone outer segment formation, but the outer segment membranes appeared misaligned. 14 However, a recent mouse model made with a Six3-Cre transgenes in which Kif3a was deleted in photoreceptor progenitors by embryonic day 9.5, had no outer segment formation. 26 The data suggest that the KIF3A protein remained functional for outer segment formation in the three Kif3a knockout mouse models generated using IRBP-Cre, Rho-Cre or Hrgp-Cre. 11, 14, 32 KIF3A may act alone to drive anterograde transport in zebrafish photoreceptors, since loss of Kif17 did not cause any morphological defect in zebrafish photoreceptors. 18 KIF3A is involved in the transport of the IFT subcomplex B, which contains IFT20, 27, 46, 52, 57, 74/72, 80, 81, 88 and 172. 2 Null mutations in zebrafish ift57, ift88 or ift172 caused externally visible phenotypes (curved body axis, smaller eyes and kidney cyst formation) and retinal defects similar to that of Kif3a SA1617 mutant zebrafish. [33] [34] [35] [36] Ift88 and ift172 mutants failed to form outer segments, whereas ift57 mutants displayed shorter outer segments. [33] [34] [35] Some types of cilia are initially able to form but degenerate over time in the ift zebrafish mutants, presumablysuggesting that ift is critical for cilia maintenance but not assembly. However, maternal-zygotic ift88, ift57and ift172 mutants showed severely impaired cilia formation, suggesting ift is required for ciliogenesis. 36, 37 This is because the maternal contribution of IFT proteins is required for the genesis of some types of cilia. This also happens in Kif3b zebrafish mutants, in which Kupffer's vesicle formation is not affected, possibly due to the presence of a maternal contribution. 18 . Abnormal outer segments are formed in a small number of photoreceptors in the Kif3a SA1617 mutant zebrafish (Fig. 4 ). This may also possibly be due to a maternal contribution.
Opsins are the most abundant protein component in photoreceptor outer segments. Opsins are synthesized in photoreceptor inner segments and transported to outer segments through anterograde trafficking driven by kinesin II motors. 9 Any defect in the trafficking process results in opsin mislocalization and subsequent photoreceptor degeneration. Knockout of Kif3a in rod and/or cone photoreceptors results in rhodopsin mislocalization in rod cells and mistargeting of S-and M/L-opsins in cone cells. 11, 13, 14, 32 Opsin mislocalization has been observed in ift mutant mice and in zebrafish. 27, 33, 34, 35 Here we also showed opsin mislocalization in Kif3a mutant zebrafish, demonstrating that both Kif3a and IFT proteins are required for opsin trafficking. Live-cell analyses provided evidence that Kif3a is required for photoreceptor opsin transport. 38 Opsin mislocalization has been proposed to trigger photoreceptor cell death and the level of mislocalized opsin is correlated with the speed of retinal degeneration. 13, 39, 40 Kif3a knockout mouse models exhibited an early and rapid retinal degeneration. 11, 13, 14, 26, 32 while a reduction of mislocalized opsin in Kif3a knockout mice was shown to ameliorate photoreceptor cell death. 13 Photoreceptor cell death was also shown in the rapid retinal degeneration in Kif3a mutant zebrafish. Similarly, ift mutant zebrafish also exhibited an early and rapid retinal degeneration. [33] [34] [35] The mechanism by which mislocalized opsin triggers cell death remains elusive, although previous in vitro work suggested that opsin mislocalization stimulated the heterotrimeric G protein to increase the activity of adenylate cyclase, which was proposed to produce more cAMP. 41 An increase in cAMP level was observed in some retinal degeneration animal models and proposed to promote photoreceptor cell death. 42 Kinesin II also plays an important role in the transport of membrane-bound organelles, including the pigment organelles. 43 Fish melanophores contain hundreds of melanin-filled melanosomes and offer an outstanding system for studying intracellular transport. Melanophores can aggregate their melanosomes at the cell centre or disperse them throughout the cytoplasm, allowing visible colour changes in response to environment conditions. The function of KIF3A was further elucidated by the demonstration that its loss resulted in disruption of the anterograde (plus-end-directed) movement of skin melanosomes along microtubules but did not disrupt reterograde transport. Previous work in Xenopus demonstrated that the interaction between the dynactin subunit p150 Glued and the KAP subunit of kinesin II was required for melanosome dispersion. 44 A recent study showed that KIF3A also interacted with p150 Glued through its C-terminal cargo-binding domain (residues 365-701) and functioned in the organization of centriole subdistal appendages. 45 Further work is required to investigate whether the interaction between KIF3A and p150 Glued is involved in zebrafish melanosome dispersion.
Mouse and zebrafish models demonstrated that loss of KIF3A resulted in mislocalization of photoreceptor membrane proteins, including opsin, and in a rapid retinal degeneration. However the precise role of KIF3A in photoreceptor development and degeneration remains to be delineated. Our study provides a framework for dissecting the cellular function of KIF3A and elucidating the underlying mechanisms leading to the rapid retinal degeneration.
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Figure 6
Retinal cryosection of wildtype (WT) and Kif3a SA1617 mutant larvae at 5 dpf were immunostained with anti-rhodopsin (4D2) antibody to label rod outer segments (A) and with ZPR1 antibody to label red/green double cones (B). Outer segments were not evident in the mutants. The rhodopsin was mislocalized in rod cell bodies. Cone cells were degenerated. Graphical representation demonstrating a significant delay in caffeine induced melanosome anterograde trafficking for Kif3a SA1617 mutants (p<0.0001 by t-test) when compared with the controls.
However there was no difference for melanosome retrograde trafficking when compared with the controls (p=0.6721). **** p<0.0001. 
Supplementary Figure legends
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Figure S2
Kif3a expression was significantly reduced in Kif3A SA1617 mutants possibly through nonsense mediated mRNA decay. The relative expression of Kif3A in wildtype and Kif3a SA1617 mutant zebrafish at 5 dpf was measured by quantitative real-time PCR and normalized to β-actin. ** p<0.01.
Figure S3
Kif3a SA1617 mutant zebrafish have smaller eyes than that of wildtype (WT) siblings. The diameter (eye size) of the eyes from wildtype and Kif3A SA1617 mutant zebrafish at 2, 3, 4, 5, and 6 dpf was measured and the data were subjected to statistical analysis. ns, no significance; ** p<0.01; *** p<0.001; **** p<0.0001.
Figure S4
No electroretinography (ERG) response in Kif3a SA1617 mutant zebrafish. 7 dpf wildtype (n=10) and Kif3a SA1617 mutant zebrafish (n=8) were subjected to ERG test under photopic condition, wildtype exhibited normal ERG response but the response was absent in Kif3a SA1617 mutant zebrafish. 
